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We report complex dielectric and Raman spectroscopy measurements in four samples of α- Fe2O3, consist-
ing of crystallites which are either hexagonal shaped plates or cuboids. All four samples exhibit the spin re-
orientation transition from a pure antiferromagnetic (AFM) to a weak-ferromagnetic (WFM) state at the Morin
Transition temperature (TM ) intrinsic to α- Fe2O3. These samples, pressed and sintered in identical conditions
for the dielectric measurements, reveal moderate but clear enhancement in the real part of the dielectric constant
(′) in the WFM region. However, a relaxation-like behavior in the imaginary part of ′′ is observed only in
nano plates or big cuboids. Further still, this relaxation patten is observed only in lower frequency region, last-
ing upto a few kHz and follows Arrhenius law within this limited range. The activation energy deduced from
the fitting is suggestive of polaronic conduction. Temperature dependent Raman spectra reveal anomalies in all
major phononic modes and also in 2Eu mode in the vicinity of the Morin transition. A peak like behavior in
Raman Shifts, in conjuncture with anharmonic fitting reveals that the nature of spin phonon coupling is different
in pure AFM and WFM regions and it is tied to the mild variations, as observed in the dielectric constant ofα-
Fe2O3 near the TM .
INTRODUCTION
Materials exhibiting an entanglement between magnetic
and electric order parameters are well known for their tremen-
dous technological importance in futuristic memory storage
and spintronic devices [1–3]. For these systems, stringent
symmetry limitations are required to realize the coupling be-
tween electric polarization (P) and magnetization (M). Cr2O3,
for instance is a prototypical magnetoelectric (ME) compound
that exhibits linear coupling between P and M. [4, 5]. For
magnetic systems with non collinear spin structure such as
TbMnO3, the appearance of nonzero polarization is under-
stood to arise from the antisymmetric Dzyaloshinskii-Moriya
Interaction (DMI) and such a coupling is again governed by
very specific symmetry requirements related to the magnetic
lattice. [6–9]. Magnetodielectric (MD) materials, on the other
hand, exhibit anomalies in dielectric constants across the mag-
netic transition temperatures, either ferromagnetic (FM) or an-
tiferromagnetic (AFM) ones. This is irrespective of a specific
magnetic symmetry or the peculiar spin configuration such as
involved in ME or other DMI driven canted systems.[10–13].
The dielectric anomalies in MD materials are tied to spin-
phonon interactions and such systems (single phase or com-
posites) are therefore equally important for practical applica-
tions [14–16].
On a general note, it is non trivial to establish the exact
origins of dielectric anomalies and their coupling with the
magnetic order either in symmetry allowed ME systems, in
routine FM and AFM or in canted AFM. This is due to the
presence of a number of factors, both intrinsic and extrinsic
which influence the dielectric constant at the magnetic transi-
tion temperature [10, 17, 18] etc. These studies also provide
the pointers, through frequency and magnetic field dependent
dielectric spectroscopy, to establish or isolate various factors
which may contribute to the dielectric anomalies especially
around the magnetic transition. This includes the role of sur-
face defects, oxygen vacancies and magnetoresitive contribu-
tions etc.[10].
In the context of DMI driven coupling between mag-
netic and electrical order parameters, [19] α- Fe2O3 is
unique, as it exhibits both pure AFM as well as spin canted
phase. More importantly the canted phase exists at the room
temperature.[19–21].Below its Neel temperature (TN ∼ 950
K) the AFM sublattices of α- Fe2O3 lie in the basal plane of
hexagonal structure (a convenient representation α- Fe2O3)
and slightly canted, resulting in a WFM phase. With the de-
crease of temperature, a spin reorientation transition occurs,
known as Morin transition (TM ∼260 K). AT TM , the sublat-
tice magnetization reorients from the ab plane to the c-axis of
the unit cell. This phenomenon is accompanied with simulta-
neous vanishing of the DMI driven spin canting and α- Fe2O3
becomes a pure AFM. In addition to being a room temperature
WFM, α- Fe2O3 is also a symmetry allowed piezomagnet, a
phenomena that involves the generation of magnetic moments
upon application of stress [22, 23].
DMI driven anomalies in dielectric constant are also subject
matter of investigation in various magnetic insulators [19].
However, to the best our knowledge, how this feature influ-
ences the dielectric constant in prototypical DMI driven com-
pound α- Fe2O3, which is also room temperature WFM, has
not been explored in great details. Although the ME coupling
is not expected in α- Fe2O3, a close inspection of the DMI
driven coupling on the dielectric constant, especially its vari-
ations with morphology and nano structuring is interesting.
In a recent study, a signature of magneto-dielectric coupling
has been observed at the vicinity of Morin transition, TM ,
in α- Fe2O3. The observed anomaly is also seen to be en-
hanced with Ga doping in the system [24]. However, in all
these studies the temperature region of the maxima of dielec-
tric anomaly and the Morin transition temperature are largely
separated ( by∼75 K). More importantly, the anomaly is seen
to be pronounced in doped α- Fe2O3 system, albeit less at-
tention has been paid in understanding the nature of coupling
phenomena in the pristine α- Fe2O3, especially as a function
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2Figure 1. Temperature variation of ′ (upper panel) and ′′ (lower panel) in (a) Micro plates, (b) Nano plates. (c) an (d) are normalized ′
in conjunction with the normalize Magnetization data for the micro and and nano plates respectively. The insets in (c) and (d) depicts the
temperature derivatives of ′ and magnetization indicating dielectric anomaly occurring in the vicinity of TM in both the samples.
of nano-structuring and morphology.
In the present work we investigate dielectric characteris-
tic in four different samples of α- Fe2O3 in its pure AFM
and WFM regions. The samples are primarily formed in two
different morphologies (i) hexagonal plates and (ii) cuboids.
To separate the size effects, while retaining the morohology,
hexagonal plates under investigation are referred as micro-
plates and nano-plates respectively. On the similar lines,
cuboid have been reffed to as big cuboids and small cuboids
in this work. In addition to dielectric spectroscopy, we have
also performed Raman spectroscopy as a complementary tool,
which enables to probe the excitations corresponding to the
magnetic, lattice and electronic degrees of freedom. [10, 25–
28]. Temperature variation of Raman data substantiates the
role of spin-phonon coupling associated with the Morin tran-
sition and its influence on the dielectric properties of α- Fe2O3
samples investigated in this work.
EXPERIMENTAL TECHNIQUES
Big cuboids (side lengths ∼200 nm), small cuboids (side
lengths ∼ 60 nm), micro plates (side length x thickness ∼ 1-
3 m x 300 nm) and nano plates (side length x thickness ∼
70 nm x 15 nm) of α- Fe2O3 have been synthesized by the
hydrothermal method [29]. The morphology of the samples
have been analysed by the Zeiss Ultra plus Field Emission
Scanning Electron Microscope (FESEM) (insets of Figs. 1
and Figure 2). The SEM images show the cuboids are reg-
ular in shape with well-defined facets. The plate shaped α-
Fe2O3 samples are nearly hexagonal in shape. The phase for-
mation and crystallinity of the samples have been analysed by
using a Bruker D8 advance powder X- ray diffractometer with
Cu K radiation. The diffraction patterns fitted with Rietveld
refinement using FULLPROF software are provided as SI1.
Temperature dependent magnetization data recorded using a
MPMS XL SQUID magnetometer while cooling the samples
from room temperature down to 5 K in presence of 100 Oe
field. The bulk Morin transition is∼ 250 K α- Fe2O3 and it is
known to systematically decrease with the increase of S/V ra-
tio, as we also observe in our samples[29]. The surface to vol-
ume (S/V) ratio, Morin temperature and lattice constants ex-
tracted from the Rietveld refinement are presented in table-1.
Temperature dependent Raman spectra has been acquired by
using HORIBA LabRAM with the help of Linkam Stage.The
Raman spectra is recorded using a green (Helium-Neon) laser
of wave length 532 nm. For the dielectric measurements,
as-prepared powders of Hematite are mixed with a suitable
binder, PVA (poly vinyl alcohol) and pelletized. These pel-
lets, about 10 mm in diameter and 2 mm thickness are sin-
tered at a temperature of 400 C for 5 hours prior to dielectric
measurements. The dielectric measurements in parallel plate
geometry are carried out at a drive of 1 V from room tempera-
ture down to 75 K in the frequency range of 100 Hz - 300 kHz
using a Novocontrol impedance analyzer.
RESULTS AND DISCUSSIONS
Temperature variation Dielectric spectroscopy
3Figure 2. Temperature variation of ′ (upper panel) and ′′ (lower panel) in (a) Big Cuboids, (b) Small Cuboids. (c) an (d) are normalized ′ in
conjunction with the normalize Magnetization data for the big and small cuboids respectively. The insets in (c) and (d) depicts the temperature
derivatives of ′ and magnetization. The inset in (c) reveals dielectric anomaly occurring in the vicinity of TM in big cuboids.
The temperature dependent dielectric constant measured as
a function of frequency for micro- and nano plates is shown
in Figs 1a-1b. SEM images in the upper figures reveal the
morphology and size of the individual crystallites for both the
samples under investigation. The main panel of the figures
1a-1b represent the real (′) and the imaginary part (′′) of
the dielectric constant respectively. We note that magnitude
of the  is nearly half (′∼ 60) in nano plates as compared
to what is observed in micro-plates (′∼130). It is also to
be noted that the Surface to Volume ratio ( SI-Table S1) for
nano-plates is roughly 20 times larger than that of the micro-
plates and the absolute value of dielectric constant is nearly
half in this case. We also note that in both the samples, the
dielectric constant exhibits a modest but clear increase in the
WFM region. This feature is better seen when normalized ′
is plotted with normalized magnetization for both the samples
(Figure 1c and Figure 1d). The anomaly in the vicinity of
TM is more pronounced in micro plates as compared to nano
plates, as is evident from comparing the derivatives (inset of
Figure 1c). The magnitude of ′′ is low and it is of similar
order, in the vicinity of TM in both cases. Interestingly, the
′′ in case of nano plates shows relaxation behavior with the
maxima of dispersion shifting to higher temperature with the
increase of frequency. However, micro plates do not show any
relaxation behavior in this frequency range.
Figure 2 shows the same in case of small and big cuboids.
Here the magnitude of ′ is rather similar for both the samples
(the small cuboids exhibit a marginally smaller value, ′∼82
as compared to big cuboids, ∼88), even though the S/V ratio
for small cuboids is about 10 times that of big cuboids. The
over all trend is somewhat different from samples with hex
plate morphology wherein ′ reduces significantly upon nano
scaling. However big cuboids also exhibit a small anomaly
in the vicinity of the Morin transition as is evident from the
inset of Figure 2c wherein temperature derivatives of ′ and
M are compared. Main Panel of Figures 2c and 2d (in which
normalized ′ and normalized M is plotted) show increase in
′ in the WFM region for both the samples. We also note
that the ′′ is similar in magnitude for big and small cuboids
but the relaxation like feature is observed only in big cuboids
(lower panel of Figure 2b). Overall, these data suggest that
both morphology and S/V ratio play a part as far as magnitude
of the ′ is concerned, but the loss part, ′′ is of similar range in
all four cases , irrespective of morphology and S/V ratio. We
also note that the S/V ratio of nano plates and big cuboids is of
similar order and both exhibit relaxation type of behavior. The
frequency range of this shift is in rather limited, up to a few
kHz. This relaxation is seen to follow Arrhenius Law, given
by the following equation.
τ = τ0e
Ea
kBT (0.1)
Here kB is the Boltzmann constant, T is the absolute tem-
perature, τ0 is the pre exponential factor and Ea is the ac-
tivation energy of relaxation. The linear behavior observed
following Arrhenius law is shown for nano plates and big
cuboids in Figure 3a and 3b respectively. This is suggestive of
thermally activated dipole population [30–33]. The activation
energy deduced from the fitting for small cuboids as well as
nano-plates is ∼ 0.2 eV. Though, with present set of data, it is
non trivial to isolate its origin but this activation range is sug-
gestive of polaron hopping, which is a plausible mechanism
in case of hematite [32]. Extrinsic contributions such as space
4Figure 3. Arrhenius plot of the relaxation time for the nano plates
and big cuboids.
charge or Maxwell-Wagner effect also does not seem to play
a significant part, considering that magnitude of ′ and ′′, as
these contributions tend to enhance both ′ and ′′ [17, 18, 34–
36]. A small upturn in ′′ curves observed in both the samples
at higher temperature can be attributed to an extremely small
change in electrical conductivity in that temperature region,
which has also been reported for hematite.
Overall, from frequency dependent dielectric spectroscopy,
we infer that the modest rise in the dielectric constant is in-
deed tied to the onset of WFM region in all four samples, ir-
respective of the morphology and size. This is also consistent
with previous reports, exhibiting higher rise in the dielectric
constant in the vicinity of FM to PM transition as compared to
what is observed in pure AFM to PM transition[10]. Thus, in
case of hematite, it appears that the onset of DMI driven WFM
has a role to play, and data is also consistent with magnetodi-
electric coupling. It is known that in the MD systems, the
dielectric anomaly appears at the magnetic transition does not
necessarily evolve with the appearance of spontaneous electri-
cal polarization. In such systems the appearance of dielectric
anomaly at the vicinity of magnetic phase transition is gov-
erned by underlying spin-spin correlations, which could be
both FM or AFM [10]. This also enables to understand sub-
tle difference between AFM and FM correlations through the
nature of spin spin correlations. As evident from Figure 3, in
case of α- Fe2O3, irrespective of the morphology, the modest
rise in the dielectric constant in each sample is linked to the
onset of the WFM phase. It is also known that in magnetic
ferroelectrics, a strong polarization at the vicinity of the mag-
netic ordering resulted in the appearance of dielectric anomaly
across the magnetic transition. In such systems a particular
non collinear spin structure is an essential ingredient for the
appearance of electrical polarization [6–10]. Microscopically,
the coupling between magnetic and electric order parameters
in such systems is mainly governed by DMI interactions. Thus
it is important to investigate the role of DMI, especially spin
-phonon coupling in these samples. For this purpose we in-
vestigated temperature variation of Raman in a representative
sample, big cuboids, which has also shown relaxation type of
behavior in dielectric loss, which is discussed in next sub sec-
tion.
Temperature Variation of Raman
A characteristic Raman spectra acquired using green laser
is shown in Fig.3 (a) on big cuboids of α- Fe2O3 sample is
shown in Fig. 4(a). The assignment of Raman active modes is
consistent with the group theory prediction for the space group
R3-c [37]. The modes located at 225 cm−1 and 500 cm−1 are
the symmetric A1g modes and those located at 246 cm-1, 290
cm−1, 295 cm−1, 408 cm−1, 500 cm−1 and 610cm−1are the
doubly degenerate Eg modes. The mode Eu, assigned at 660
cm-1 in general is not Raman active and its appearance has
been attributed to the disorder related to surface defects and
grain sizes. The mode located at 1320 cm−1 is related by a
factor of two with the Eu mode. A weak peak observed in
the spectra range of 1500-1600 cm−1, merged with the tail of
2Eu mode, is due to the two-magnon scattering in α- Fe2O3
[38, 39]. It is to be recalled that the A1g symmetry involves
the movement of Fe atom along the c-axis of the unit cell and
Eg symmetry involves the symmetric breathing mode of the
O atoms relative to the Fe atoms in the plane perpendicular to
the c axis of the unit cell [40, 41].
The temperature dependent Raman spectra acquired in the
temperature range of 300 K - 80 K is shown in Fig. 3(b). In
figures 3(c) and (d) the evolution of phonon frequency as a
function of temperature, obtained after the Lorentzian peak
profile fit of the acquired spectra, are shown for two selected
modes A1g (1) and Eg (5) respectively. The variation of
phonon frequency as a function of temperature in a magnetic
material can be expressed as [39]
5Figure 4. Characteristic Raman spectra of α- Fe2O3 Big cuboids. Raman spectra as a function of temperature for (b) A1g (c) Eg mode of
vibrations. These data depict anomalous Raman shift in the modes on the either side of the Morin Transition.
Figure 5. Variation of peak positions with temperature for the selected Raman modes (a) A1g(1), (b) Eg(5), (c) Eu. The peak positions are
extracted from the Lorentizian peak profile fit.
ω(T )− ω(0) = ∆ω(T ) = ∆ωlattice
+∆ωphonon−phonon
+∆ωspin−phonon
(0.2)
Where ω(T) and ω(0) in L.H.S are the Raman frequency at
T and 0 K respectively. The contribution from the first term in
R.H.S is due to the lattice expansion/contraction, second term
is due to phonon-phonon interaction and last term implies
the contribution of spin-phonon coupling in the modulation
of phonon frequency. Neglecting the contributions from the
lattice and spin phonon coupling, the variation of phonon
frequency as a function of temperature can be simulated by
the anharmonic decay of phonon frequency model expressed
as [27, 28]
ω(T ) = ω(0)− C
(
1 +
2
ex − 1
)
(0.3)
Here C is an adjustable parameter, x = ω(0)/ kBT, kB is the
Boltzmann constant and T is the absolute temperature. The
simulated curves of the anharmonic phonon decay are shown
in red lines in Figures 4a and 4b. The phonon frequency evo-
lutions as a function of temperature in three modes follows
the anharmonic behaviour (red lines) except a noticeable de-
viation observed around the Morin transition. Considering the
subtle changes in lattice parameters around the Morin transi-
tion observed earlier in these samples, the deviations in the
mode positions around the Morin transition can be attributed
to arise due to the combined effect of spin-phonon and lattice
contributions. We also observe a small deviation in phonon
frequency evolution around the temperature regime of ∼ 250
K. We infer that this small deviation is more likely due to
the presence of a double transition as evident from the re-
manent magnetization vs temperature data reported earlier on
this sample [29].The Raman data thus confirm the role of spin
phonon coupling which manifests in the dielectric measure-
ments in hematite near AFM to WFM transition.
CONCLUSIONS
Temperature and frequency dependent dielectric and Ra-
man measurements have been conducted around the Morin
transition in α- Fe2O3 crystallites formed in different mor-
phologies and sizes. Nano scaling results in significant de-
crease in the dielectric constant in case of hexagonal shaped
plates whereas in case of cuboids, no significant changes were
observed, as far as the magnitude of the dielectric constant is
concerned. The real part of the dielectric constant exhibits
a small but clear increase in the weak ferromagnetic region
6as compared to pure antiferromagnetic region in all the sam-
ples, irrespective of morphology and size. This indicates pres-
ence of magnetodielectric coupling in hematite and also bring
forward the role of Dzyaloshinskii Moriya Interaction driven
weak ferromagnetic phase. The temperature variation of Ra-
man modes confirms the presence of spin phonon coupling at
the vicinity of Morin transition.
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7Sample S/V Morin Lattice constant
ratio Temperature
nm−1 (K) c (A˚) a (A˚) c/a
Micro Plates 0.008 225 13.7586(4) 5.0386(1) 2.7306(1)
Nano Plates 0.16 172 13.7593(3) 5.0375(0) 2.7313(9)
Big Cuboids 0.03 210 13.7678(7) 5.0371(2) 2.7332(1)
Small Cuboids 0.1 185 13.7687(1) 5.0350(0) 2.7346(2)
Table I. The S/V ratio, Morin transition temperature and structural parameters of α- Fe2O3 samples as determined from the Rietveld analysis
of the room-temperature x-ray diffraction data.
